) (see also a recent review, ref 12) . Second, a highresolution structure of the prototypical GPCR, rhodopsin, was elucidated (13) , providing the first molecular details about how this GPCR binds its ligand, the chromophore 11-cisretinal, and how it may activate cognate G-proteins (14) (15) (16) (17) (18) . The high-resolution structure of rhodopsin also allowed construction and validation of numerous prediction models of other GPCRs (for example, see refs 3 and 19-21) . We combined these two sets of experimental data and performed a comprehensive analysis of the primary sequences of GPCRs from family A. We demonstrate that the extracellular domain is the least conserved, while GPCRs display considerable conservation toward the cytoplasmic side. Interestingly, the lengths of connecting loops also suggest an importance of these elements in retaining a similar general structure of these receptors. These structural similarities may suggest a common mechanism by which GPCRs activate G-proteins and how these receptors may self-organize within native membranes.
Three Structural Models of Rhodopsin. There are three high-resolution models currently deposited in the Protein DataBank (PDB). All three models are based on electron density maps obtained from crystals of rhodopsin generated by the same method. Rhodopsin was isolated from bovine rod outer segments to high purity using a mild detergent (such as nonyl--glucoside) and high concentrations of divalent metal ions (e.g, 80 mM Zn 2+ ) (22) . Vapor diffusion crystallization techniques were used to crystallize rhodopsin, using ammonium sulfate as the precipitant in nonyl--glucoside detergent solutions (23) . Diffraction quality crystals that were sensitive to visible light (18) were obtained. All of these crystals were merohedrally twinned to different degrees, affecting the quality of the final refinement (23) . The initial model, deposited in the PDB under identifier 1F88, showed all major structural features as predicted from years of biochemical and biophysical studies on wild type and mutated proteins (13, 24) . Crystallographic refinement of the two molecules in the asymmetric unit generated the model of rhodopsin at 2.8 Å resolution (15) deposited under the identifier 1HZX. The newest structural model was obtained using X-ray diffraction with 2.6 Å resolution (25) , using almost identical methods, and deposited in the PDB under the 1L9H identifier. Various models followed, including those of cone pigments (1KPN, 1KPW, and 1KPX) (16) and other receptors based on rhodopsin's structure (e.g., refs 26 and 27) .
Here, we compare these structural models to identify differences among them. Differences between 1F88 and refined 1HZX structural models are located mainly in the cytoplasmic side of rhodopsin ( Figure 1A ; these differences are marked by the color and radius of the ribbon). The rootmean-square distance between CR atoms in 1F88 and 1HZX is equal to 1.05 Å. In 1HZX, there are three additional amino acid residues that are missing in 1F88, Leu 328 -Gly 329 -Asp 330 , which are located shortly after cytoplasmic helix 8. One amino acid (Ser 240 ) was removed from the loop between helices V and VI (loop C-III) because of the ambiguity of its configuration. In 1F88, the C-terminus (334-348) was filled with Ala residues; now, in 1HZX, all side chains are represented, and the whole configuration of this region has been remodeled. In this region, the most altered positions are residues from both sides of the second gap, Thr 340 and Pro 327 , which are displaced by 5.5 Å from their initial positions in 1F88. Loop C-III was rebuilt and is most affected around Ala 241 and Thr 242 , which are displaced by 11.6 and 6.8 Å from their respective positions in 1F88. Lys 141 from C-II connecting helices III and IV was relocated by 2.9 Å. Loops from the extracellular side and the chromophore were changed minimally. The largest changes were for Glu 197 (0.8 Å) and C 15 in the Schiff-base region (1.1 Å) and for C 17 in the -ionone ring (0.9 Å) of 11-cis-retinylidene. Five amino acids corresponding to residues 236-240 in loop C-III and three amino acids (331-333) in the C-terminus are not yet defined.
The third structure of rhodopsin (1L9H) is changed to a much lesser extent when compared with 1HZX. No additional amino acids were added. The root-mean-square distance between CR atoms is 0.36 Å. These structures differ mainly in the cytoplasmic region: (1) in the C-terminal area ( Figure 1B , denoted by an ellipsoid and the number III), the maximal displacement is by 1.7 Å for the last amino acid residue Ala 348 ; (2) in the same region, Asp 330 is displaced by 1.3 Å (the last amino acid before a second break); (3) in the loop between helices III and IV (this region is denoted as I), the maximal movement for two residues Ser 144 and Asn 145 is, for both, by 0.9 Å; and (4) in extracellular loops, small changes in the N-terminal domain are found around Lys 16 , which is located farthest from the center at a distance of 0.5 Å. For 11-cis-retinylidene, the maximal displacement is for the C 15 retinal atom by 1.2 Å (note that C 15 varied in all three structural models) and in the -ionone ring for C 16 by 1.7 Å. In 1F88, atoms C -N (Lys 296 )-(retinal)C 15 -C 14 were in the same plane; however, in both 1HZX and 1L9H this feature is not retained. Although the position of Glu 113 was unchanged (this region is denoted as II), the hydrogen bonds network around these residues is modified by the presence of water molecules in 1L9H (25) . All these models in large part can be superimposed, and no major differences are noted. Taking into account the 2.6-2.8 Å resolution, it is clear that these differences remain within the ambiguity of all three models. However, the higher precision of the positions of water molecules in 1L9H is very valuable (25) . Water molecules may be critical during the activation process of rhodopsin (refs 14 and 25 and also reviewed in ref 24) .
Comparison of the Extracellular Domains in GPCRs of Family A. GPCR drug design is hampered by the lack of receptor structures. So far, only one GPCR structure, that of bovine rhodopsin, is known (see above). The threedimensional structure of rhodopsin and the hydrophobicity profile of this receptor support the proposed heptahelical transmembrane bundle model that is shared among all GPCRs (28) . The seven helices traverse the membranes in a nonparallel manner toward the plane of the membrane, producing different arrangements of helices at the extracellular and cytoplasmic faces of the receptor as a consequence of the tilted helices in the membrane ( Figure 2 ). This in turn is due to the tilting of helix III, which is tangential to the plane of the membrane. This orientation of helices, depicted in Figure 2 , is most likely conserved among all GPCRs.
Structural information can also be inferred from homology, which is most obvious in the predominant family of GPCRs, termed the rhodopsin-like family or family A. The length of GPCRs from family A varies between 290 and 951 amino acid residues, with the majority of receptors having a length around 310-470 residues ( Figure 1 , Supporting Information). This family is characterized by a set of conserved residues distributed among the seven helical domains. The conserved residues are in helix I (Gly and Asn), helix II (Leu and Asp), helix III (Cys and AspArgTyr), helix IV (Trp and Pro), helix V (Pro and Tyr), helix VI (Phe, Trp, and Pro), and helix VII (Asn, Pro, and Tyr of the NPXXY motif). These conserved amino acids facilitate the multiple alignments of the GPCR sequences. We found that it is important to use a multiple sequence alignment instead of a pairwise alignment to rhodopsin to avoid misalignments between helices, although an optimal pairwise alignment might produce fewer mismatches, but it can align a loop region of a template sequence with a helical region of a target sequence. A multiple sequence alignment, however, lets a consensus GPCR sequence clearly emerge.
The multiple sequence analyses were done on 270 members of family A, and of those, 153 are orphan GPCRs with unknown ligands. Using the three-dimensional structure of bovine rhodopsin, the N-and C-termini and the three extracellular (EI-III) and three cytoplasmic loops (C I-III) were extracted for all 270 receptors. The N-terminal region and the extracellular loops were first used in a length analysis ( Figure 3) . As it is shown, the amino acid length of the N-terminal region is highly variable, being from as little as four to as many as over 50 amino acid residues in length. Among the three extracellular loops, loop E-I has the most consistent loop size; 144 GPCRs have the same number of amino acids in E-I as rhodopsin (six residues). This loop connects helix II and III, and its short length is perhaps crucial for filling the least amount of space to accommodate other extracellular loops forming the extracellular domain capable of binding ligand. E-I ranges from only three amino acids to as many as 18 amino acid residues. The other two extracellular loops (E-II and E-III) have more variable loop sizes. Loop E-III is located entirely on the surface of the extracellular domain. Only one hydrophobic residue in this loop, Phe 283 , intercalates its ring inside rhodopsin. This loop also interacts via hydrogen bonds with the carbohydrate moiety connected to Asn 2 of rhodopsin. If the positioning of the sugars' attachment is important for recognition of carbohydrate transferases during the maturation of rhodopsin, this loop cannot expand considerably. Therefore, it is possible that few (1-4) additional amino acids in the loop are used in other GPCRs for increasing its hydrogen bond network with carbohydrates. This interaction would put a limit on the size of this loop, as observed. Note, however, that the position of carbohydrate attachment is not conserved in other members of family A. In general, it is expected that the extracellular domains will be the most variable among GPCRs because this part of the receptor is involved in ligand recognition. The compact structure of the extracellular domain of rhodopsin is built based on four -strands forming a -sheet structure and has no R helices ( Figure 4A ). Lack of structural information on the organization of the extracellular domain does not allow direct comparison between members of family A. However, the structures of the extracellular domain of other seven-transmembrane receptors have been elucidated, and they support the idea of divergences in these regions. The extracellular domain of a glutamate receptor (512 amino acids in monomer) is formed from seven R-helices and two big -sheets (six and eight -strands, respectively) ( Figure 4B ) (29) . The receptor is composed of two domains, each of them consisting of separate -sheets and with R-helices connecting subsequent strands of -sheets. The ligand binding site is located between these two domains. There are several single turns of 3 10 helices located exclusively in the interface region between two monomers. No disulfide bridges are formed between monomers. The extracellular domain of another putative GPCR of the secretin receptor family from Drosophila, Methuselah, also forms a dimer (188 amino acids in the monomer). This domain is composed of seven -sheets, one short R-helix, and three one-turn 3 10 helices ( Figure 4C ) (30) . In addition, it was recently determined that the extracellular domain of a member of the Frizzled family of seven-pass transmembrane proteins serving as a receptor in the Wnt signaling pathway (31) displays yet another type of folding. This domain also forms a dimer when in the crystal form (126 amino acids in each monomer). The structure consists of only one small -sheet composed of two -strands, three R-helices, and three one-turn 3 10 helices ( Figure 4D ). These examples suggest that the dimerization of some seventransmembrane receptors, but not rhodopsin, is accomplished through distinct extracellular domains that are partly involved in the ligand binding and stabilization of the ligand within the hydrophilic domain of the transmembrane receptor.
Further analyses of the frequencies of individual amino acids in particular positions reveal that helix I has an invariant Asn and that Gly, Leu, and Val are highly conserved (68, 60, and 66%, respectively) ( Figure 5) . Surprisingly, in several cases, basic residues are found at the beginning of helix I (frequency of 12 and 25% in the second and third positions) and at the end of helix II (frequency of 11 and 19% in the penultimate and the last positions), possibly stabilizing the interaction of this helix with phospholipids. A lower number of aromatic residues is noticed toward the cytoplasmic region, and frequently, a Pro residue is at the beginning of the helix II, likely without perturbing the helical structure (32) . Helix II has six conserved aromatic/hydrophobic residues toward the cytoplasmic surface and invariant Glu, while residues toward the extracellular domain are more divergent. In the longest helix III, two structural features are most noticeable. A Cys residue close to the extracellular domain, which in rhodopsin forms a disulfide bond with the Cys residue of loop E-II, occurs in 90% of the evaluated GPCR cases. Additionally, the residues of the DRY region consist of Asp/ Glu, Arg, and aromatic residues present in frequencies of 86, 96, and 83%, respectively (Figure 2 , Supporting Information). The DRY region is packed in the conserved hydrophobic pocket. A general observation, with few exceptions, is that the residue immediately following the conserved Cys residue in helix III corresponds to the ligand type for the receptor. If the residue is basic, the ligand for the receptor is most likely a peptide (34% Lys, 19% Arg). If it is acidic (Asp, Glu), it is a biogenic amine. Helix IV contains invariant aromatic residues, mostly Trp (Figure 3 , Supporting Information), which in rhodopsin function in the stabilization of the interaction between helix III and II. The analyses of other helices are summarized in subsequent figures in the Supporting Information (Figures 4-6 , Supporting Information). Helix V contains two aromatic residues, Phe and Try, that are common in GPCRs (70 and 77%, respectively). Helix VI has two conserved aromatic residues, Phe and Trp (FxxxW), present in frequencies of 89 and 90%, respectively. In the X-ray structure of rhodopsin, Trp 265 is in close proximity of the retinal chromophore, involved in the activation process and release of the chromophore (33), also likely creating a limit as to how far a ligand can penetrate the helical bundle. There are a few exceptions to this highly conserved residue (90% frequency are aromatic residues). In the prostaglandin family of receptors there are four members (PD2R, PE22, PE24, and PI2R) that have a Ser in place of this aromatic residue, yet the other four subtypes (PE21, PE23, PF2R, and TXA2) have a Trp. Interestingly, the members of the prostanoid family with a Ser couple to cause an increase in intracellular cAMP levels, and the others go through a different signaling pathway. It is also interesting to note that in the large family of chemokine receptors there are six members that have a Gln in this position (CCR6, CKR6, CKR7, CKR9, CKR10, and CKR11), while the other family members have Trp. The last exception to this residue conservation is in the large hormone receptor family where human follicle-stimulating hormone (FSHR), lutropin/choriogonadotropin receptor (LHR), and thyrotropin receptor (TSHR) all have a Met in this position. Within helix VII, the most evident conservation is that of Asn and Pro residues occurring in the NPXXY region, which is crucial for receptor activation. This region is highly conserved for Asn (75% Asn, 21% Asp), Pro (96%), and Tyr (92% Tyr, 3% Phe), while X are mostly hydrophobic Leu, Val, and Ile. Similarly to extracellular loops, the loops in the cytoplasmic domain can vary in size, the most conserved loops being C-I and C-II ( Figure 6 ). There are 198 GPCRs that have the same number of amino acids in C-I as rhodopsin (six residues), and the remaining members of GPCR family A have either five or seven amino acids. For C-II, over 150 of the receptors have a loop size of 10-12 amino acids (11 residues in rhodopsin). C-III and the C-terminus have the most variations in amino acid lengths among all the GPCRs. A common activation mechanism that involves the conserved residues in the helical domains and the conserved loop regions is proposed for family A GPCRs.
The amino acid residues of the short helix (VIII) in the C-termini were analyzed ( Figure 7 , Supporting Information). This analysis was done on only 260 receptors; in the others the C-termini is too short. It is interesting to note that there is a highly conserved aromatic residue (Phe 313 , 73% similarity). The side chain of this residue is placed between helix I and VII, adjacent to helix II in the helical bundle. This residue stacks against the highly conserved Tyr 306 in helix VII and forms a very tight hydrophobic pocket. It is also noted that another residue close to Phe 313 , residue Val 61 from helix I, is never an aromatic residue (this pocket is too small to accommodate an aromatic residue). The residue immediately following this aromatic residue is a highly conserved basic residue (54% Arg, 17% Lys), facing toward the outside of the helical bundle.
Additional insight into the organization of external domains has been obtained from split receptors, where extracellular or cytoplasmic loops are cut, and the receptors are expressed in two or three fragments. Receptors cut within C-III were functional in ligand binding and coupled to G-proteins (reviewed in ref 34) . Also, splitting rhodopsin in C-II and C-III led to production of three-fragment rhodopsins that showed functional and spectral properties similar to the wild type (35, 36) . Therefore, loops C-II and C-III have only a small stabilizing effect on these receptors. Helices I-III and V-VII with helix IV connected to either of these two fragments form active rhodopsin, suggesting a tight packing or correct induced folding within these bundles of helices I-III and V-VII. Whereas packing of helical bundle I-III might be aided by the short length of loops E-I, C-I, and C-II, helices V-VII form a structural domain independent of the length of the connecting loops. Nonfunctional receptors were obtained using fragments where helix I, or helices I and II, and the rest of the helical bundle were separated (34) . For some receptors, helices I and II are essential for ligand binding; however, five-transmembrane domains appear to be sufficient for the function of chemokine receptors (37) . Truncated CCR5 and CXCR4 functioned normally in mediating chemokine-stimulated chemotaxis, Ca 2+ influx, and activation of pertussis toxin-sensitive G-proteins. The C-terminus is not strictly conserved, but the most frequent length of this region is ∼50 amino acid residues. This region, at least in case of rhodopsin, contains a recognition sequence for the vectorial transport of receptor from the site of synthesis to its destination (38) (39) (40) . The C-terminus is also the site of functional desensitization upon agonist stimulation (41) (42) (43) (44) (45) (46) (47) . The specificity of the binding sites of GPCRs for the receptor ligands were recently extensively reviewed (3, 26, 48) .
ConserVation of Structure and Mechanism of ActiVation. It is apparent that even without detailed homology modeling, a simple multiple sequence alignment reveals much information about the receptor family. Residue-per-residue alignment highlights the helical domains that are more conserved (Figure 7) . Thus, the predicted helical domains in most parts correspond well to the known structure of rhodopsin. By examining the helical domains more closely, a distinct mode of alternating alignment quality appears. In odd helices, homology is higher at the C-terminal side, while it is the opposite for even helices. This pattern corresponds to higher conservation in the lower part of the GPCRs near the cytoplasmic domain, providing evidence for a conserved mechanism of activation and signal transduction. Since GPCRs accept a variety of ligands, the ligand-binding site is the least conserved. These observations support the hypothesis that the receptor activation process is highly conserved for the majority of family A members. A current mechanism of rhodopsin activation, as a model for GPCRs of family A, has been recently reviewed (14, 17, 24) .
ConserVation of Structure and the Molecular Basis of Oligomerization of GPCRs. Conservation may have an important function in the organization of GPCRs into oligomeric forms. Oligomerization of GPCRs has been deduced from various biophysical studies and even implies a larger diversification of GPCR signaling (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) . Recently, by the direct method of atomic force microscopy, we showed that rhodopsin forms rows of dimers under native conditions in rod outer segments of photoreceptor cells (60) . The importance of GPCR oligomerization may involve crosstalk between different signaling pathways, cooperativity of the signal amplification, vectorial transport, and inactivation. As the cytoplasmic surface of GPCRs is larger than the extracellular domain when projected toward the plane of the membranes, the cytoplasmic ends of the helices would be more critical in the formation of contacts during the assembly of the high-order oligomerized structures.
CONCLUSIONS
Similarity among GPCRs, particularly within family A, is represented by a few structural microdomains containing key residues involved in the interhelical interactions. The extracellular domain involved in ligand binding appears to form a receptor-specific binding site, while the cytoplasmic side and the ends of the transmembrane helices toward the cytoplasm are significantly more conserved. It is reasonable to speculate that the overall fold of these receptors is highly conserved. The changes upon binding of a ligand in a receptor-specific domain of GPCRs evoke a similar cascade of activation events that culminate in the recruitment of G-protein(s) and catalytic nucleotide exchange within these proteins. Perhaps such convergence of the structural similarity is essential for allowing hundreds of GPCRs to activate dozens of G-proteins, to become phosphorylated by seven G-protein receptor kinases, and to be capped by three arrestins.
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